The mechanism of nickel transport by Clostridium pasteurianum was investigated by using '3NiCl2 and a microfiltration transport assay. Nickel transport was energy dependent, requiring either glucose or sucrose; xylose and o-methyl glucose did not support growth, butyrogenesis, or transport. Transport was optimnum at pH 7 and 37°(, and early-stationary-phase cells had the highest propensity for nickel transport. The apparent Km and V,n,,,, for nickel transport approximated 85 ,uM Ni and 1,400 pmol of Ni transported per min per mng (dry weight) of cells, respectively. On the basis of metal specificity, nickel appears to be transported primarily by a magnesium transporter, although an alternative nickel transporter may also be involved. ATPase inhibitors (N,N'-dicyclohexylcarbodiimide, tributyltin chloride, 7-chloro-4-nitrobenz-2-oxa-1,3-diazole, and quercetin), protonophores (carbonyl cyanide m-chlorophenylhydrazone, 2,4-dinitrophenol, and graanlidin D), metal ionophores (valinomycin, monensin, and nigericin), benzyl viologen, carbon mon6xide, and oxygen inhibited nickel transport. Nickel transport was coupled indirectly to butyrogenesis and was dependent on the energy state of the cell.
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Clostridium pasteurianum is a nitrogen-fixing anaerobe isolated from the soil by Winogradsky in 1895 (19) . Like acetogenic clostridia, it contains the nickel enzyme carbon monoxide (CO) dehydrogenase; however, the Wood pathway for acetogenesis is not utilized (5, 7-9, 14, 24) . Instead, glucose is dissimilated via butyrogenesis to butyrate, acetate, CO2, and H2 (22) . No specific role for CO dehydrogenase has been demonstrated for C. pasteurianum, though it may play a role in the formation of acetyl coenzyme A. Other nickel-containing proteins are also present in C. pasteurianum, though their nature remains unresolved (7) .
Given the known importance of nickel to acetogenesis, our laboratory group has been involved in elucidating the mechanism of nickel uptake by acetogens, in particular Clostridium thermoaceticum (L. L. Lundie, Jr., and H. L. Drake, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, K-89, p. 217). C. pasteurianum was chosen for comparative study because of its known capacity to accumulate and incorporate nickel into cellular proteins. In addition, C. pasteurianum can be cultivated in a defined medium, thus allowing the accurate assessment of energy-dependent processes. In this report, we demonstrate that nickel transport by C. pasteurianum is coupled indirectly to butyrogenesis and is dependent upon the energy state of the cell.
(Portions of this work were presented at the 87th Annual Meeting of the American Society for Microbiology, Atlanta, Ga., 1 to 6 March 1987.) MATERIALS AND METHODS Organism and cultivation. C. pasteurianum ATCC 6013 was cultivated at 32°C in 60-ml Wheaton serum bottles with butyl rubber stoppers and crimp seals. The defined medium (5) contained (in grams per liter): K2HPO4 *3H20, 17.5; KH2PO4, 1.5; NaCl, 0.1; MgSO4 *7H2O, 0.2; NH4C1, 1.0; CaCl2, 1.0; NaMoO4 . 2H20, 0.01; FeSO4 -7H2O, 0.2; biotin, 0.001; and p-aminobenzoic acid, 0.001. NiCl2 was present at a final concentration of 0.1 ,uM. Culture medium (19 ml) was inoculated with 2 ml of stationary-phase culture, and culture bottles were incubated upright without shaking.
Unless otherwise indicated, the initial cultivation gas phase was 100% CO2 at atmospheric pressure; alternative gas phases were also tested at atmospheric pressure initially. The initial concentration of growth substrates (glucose and sucrose) were 111 mM; xylose and o-methyl glucose were also tested at this concentration. Unless otherwise indicated, cells were cultivated with glucose.
Cell extract. Cell extracts were prepared anaerobically in a Coy chamber containing N2-H2 (95:5) by using a Trislysozyme buffer: 50.0 mM Tris hydrochloride (pH 7.0), 5 RESULTS Initial studies on the uptake and incorporation of nickel. The initial cultivation gas phase influenced the amount of nickel taken up by C. pasteurianum during growth (Table 1) . Nickel uptake paralleled growth; however, the amount of nickel taken up was consistently lower when the gas phase was CO2. Early-to mid-stationary-phase cells had the highest propensity for nickel transport (Fig. 1) and were subsequently used to further assess the mechanism of nickel transport. Polyacrylamide gel electrophoretic analysis of cell extracts from the various gas phase cultures revealed basi- cally the same pattern of nickel-containing proteins, and no correlation was observed between the occurrence of the unknown nickel-containing proteins (7) and the initial cultivation gas phase (data not shown).
Energy dependency of nickel transport by C. pasteurianum. Nickel transport was dependent on a utilizable (fermentable) energy source. In the standard transport assay, glucose and sucrose supported equivalent transport rates (approximately 330 pmol of Ni transported per min per mg of cells [dry weight]). Neither xylose nor o-methyl glucose supported growth (data not shown), and both yielded greatly reduced transport rates (38 and 4 pmol of Ni transported per min per mg of cells [dry weight], respectively). Nickel transport was linear over the 30-min transport assay (Fig. 2) .
Optimal conditions for and kinetics of nickel transport. The pH and temperature optima for nickel transport were 7.0 and 37°C, respectively (Table 2) . Lineweaver-Burk plots of nickel transport were linear (Fig. 3) , and the apparent Km Recovery of transported nickel in cell extracts. The intracellular nature of the nickel transported by cells was assessed by anaerobic polyacrylamide gel electrophoretic analysis of cell extracts prepared subsequent to nickel transport assays. Greater than 95% of the 63Ni in cell extracts electrophoresed in the region of the dye front, indicating that, during the time of the nickel transport assay, very little of the transported nickel was incorporated into cytoplasmic proteins (data not shown). The chemical nature of the nickel species which electrophoresed as low-molecular-weight molecules is unknown.
Inhibitory effects of other metals. To ascertain the specificity of the nickel transport system in C. pasteurianum, various divalent cations were evaluated for the ability to inhibit nickel transport. None of the metals tested were inhibitory to growth at the concentrations used (data not shown). However, divalent copper (CuCl2) was a potent inhibitor of growth. Copper likewise inhibited transport, though the reason for this inhibition is presently unresolved. Calcium, iron, and manganese were not inhibitory at equimolar concentrations (Table 3) . Calcium and iron were somewhat stimulatory, whereas cobalt and zinc were inhibitory at equimolar and higher concentrations. Magnesium was strongly inhibitive at low concentrations relative to that of nickel (Fig. 4) . However, nickel transport was not completely inhibited by magnesium, even when the concentration of magnesium was 100-fold higher than the concentration of nickel. Kinetic plots with 10-fold higher magnesium relative to nickel suggested a noncompetitive inhibition of nickel transport (Fig. 3) ; the apparent Vm., decreased to approximately 300 pmol of Ni transported per min per mg of cells (dry weight), whereas the apparent Km was relatively unchanged.
Nl
Effect of metabolic inhibitors. Various metabolic inhibitors were used to assess the energy dependency of nickel transport by C. pasteurianum (Table 4) . Except for 2,4-dinitrophenol, all inhibitors tested strongly limited growth at the concentrations used. ATPase inhibitors, protonophores, and metal ionophores inhibited nickel transport. Benzyl viologen, an artificial electron acceptor, was also a potent inhibitor of growth and transport. Carbon monoxide and oxygen were likewise inhibitory.
The results obtained with the metabolic inhibitors suggested that nickel transport was metabolically coupled. The transport of nickel was further correlated to the metabolic state of the cell by using the production of butyrate as an index of cell metabolism. Butyrate (to a final concentration of 1.11 ,uM) was produced during the nickel transport assay (see Table 1 ) 111 ± 7 121 ± 2e aInhibitory sites are inferred from classical studies; actual mechanism of inhibition may differ for C. pasteurianum. Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; CCCP, carbonyl cyanide m-chlorophenylhydrazone; diazole, 7-chloro-4-nitrobenz-2-oxa-1,3-diazole.
b Each value is the mean ± standard error of two experiments. C ND, Not determined. d Gas phase during nickel transport assay.
e Cells were cultivated with an initial gas phase of 100% H2.
with glucose. The protonophore carbonyl cyanide m-chlorophenylhydrazone, which inhibited both growth and transport (Table 4) , actually stimulated glucose-dependent production of butyrate (to a final concentration of 1.34 ,uM) during the period of the nickel transport assay. The ATPase inhibitor N,N'-dicyclohexylcarbodiimide, which also strongly inhibited both transport and growth, only partially inhibited the production of butyrate (0.67 ,M, final concentration). Butyrate was not a detectable product when xylose was used as a substrate. These results demonstrate that while butyrate is formed coincident with the transport of nickel, the mere production of butyrate does not guarantee transport.
DISCUSSION
The propensity for nickel transport by C. pasteurianum was greatest during late log and early stationary phases of growth. In contrast, the capacity for nickel transport by the acetogen C. thermoaceticum is greatest during the early log phase of growth (Lundie and Drake, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987; manuscript in preparation). During late log and early stationary growth phases, C. pasteurianum consumes large amounts of hydrogen, whereas hydrogen production remains constant throughout growth (2) . Nickel has been speculated to modulate the activity of hydrogenase in favor of H2 consumption (1) . Although nickel has not been demonstrated in hydrogenase from C. pasteurianum (7; this study), nickel may play a role in at least the consumption of H2 late in growth. In this regard, it is interesting that H2 stimulated nickel transport (Table 4) . Also, the different periods of maximal capacity for nickel transport between C. pasteurianum and C. thermoaceticum may reflect the different roles of the metal in these two anaerobes.
Nickel transport appears to be energy dependent and was apparently not supported by nonutilizable substrates. The high-affinity nickel transport systems of H2 bacteria (21) , methanogens (12) , acetogens (Lundie and Drake, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987), and cyanobacteria (4) are also energy dependent. The magnesium transporterdependent translocation of nickel is also an energy-dependent process (23) . In contrast, nickel transport by the N2-fixing aerobes Azotobacter chroococcum (16) and Bradyrhizobium japonicum (20) appears to be energy independent, since external energy sources and metabolic inhibitors were relatively without effect on the translocation of nickel.
Magnesium, and to a lesser extent zinc and cobalt, inhibited the transport of nickel (at a concentration equimolar to that of nickel). This pattern suggests that nickel enters the cell by a magnesium transporter (10, 13, 23; H. L. Drake, in J. R. Lancaster, Jr., ed., Bioinorganic Chemistry of Nickel, in press). However, if nickel entered exclusively via a magnesium transporter, magnesium would be expected to totally inhibit nickel transport at high concentrations relative to nickel. This level of inhibition was not observed. Therefore, the translocation of nickel may be facilitated by both a magnesium transporter and a secondary transport system which is not inhibited by magnesium but which is possibly inhibited by zinc and cobalt. Furthermore, kinetic plots indicated that magnesium was noncompetitive with nickel, suggesting that these metals may bind at different sites. Escherichia coli (15) and Salmonella typhimurium (11) contain two distinct magnesium uptake systems, of which one is highly specific for magnesium and one is also capable of transporting other divalent cations.
In contrast to C. pasteurianum, magnesium was not an effective inhibitor of nickel transport by the acetogen C. thermoaceticum. Likewise, the apparent kinetic constants also differed between the two clostridia (Km was 23 ,uM The proton gradient of C. pasteurianum is generated by the ATPase-driven extrusion of protons rather than by electron transport (17) . From this fact, and in light of the results obtained with metabolic inhibitors (Table 4) , ATPase may be essential in coupling butyrogenesis to nickel transport, as outlined in Fig. 5 . N,N'-Dicyclohexylcarbodiimide and carbonyl cyanide m-chlorophenylhydrazone have been previously shown to dissipate the pH gradient of C. pasteurianum, and it has been proposed that the proton motive force from the ATPase-dependent extrusion of protons is a prerequisite for substrate accumulation (transport) by this organism (17) . Our findings on energy-dependent nickel transport substantiate the potential role of ATPase in the formation of proton motive force.
Electrophoretic assessment of the intracellular nature of nickel reinforced previous findings which pointed to the existence of several nickel-containing proteins in C. pasteurianum (7) . Only one of these proteins could be identified as CO dehydrogenase; the nature of the others remains unresolved. Although a nickel-containing hydrogenase could not be identified, given the observed correlation between H2 and increased nickel transport, it is tempting to speculate that at least one of the unidentified nickel proteins plays some role in the metabolism of H2. Alternatively, the unidentified nickel-containing proteins could represent inactive nickelcontaining precursors of native CO-dehydrogenase.
